Surface immunoglobulin (slg)-mediated stimulation of B lymphocytes induces a tyrosine kinase-dependent sequence of events leading to rapid and large elevations in intracellular ionized calcium ([Ca2+]i). These early biochemical events do not necessarily lead to proliferation of B cells, however, and conversely, the absence of or inhibition of these events does not necessarily prevent cellular proliferation. We now show by digital image analysis of single B cells that conditions which lead to B cell proliferation are associated with low-level but persistent sustained or cyclic elevations in [Ca 2 + ]i. In marked contrast, early and nonsustained elevations in [Ca 2 § ]i are induced in B cells by stimuli that lead to G1 transition but fail to progress to DNA synthesis. Thus, when B cells were stimulated with mitogenic and nonmitogenic anti-IgD antibodies, both of which induce entry of cells into G1 and early calcium transients of comparable magnitude, persistent low-level calcium elevations were only detected in cells stimulated with the mitogenic antibody. Furthermore, persistent calcium elevations were also seen when B cells were stimulated with a multivalent dextran-anti-Ig conjugate which induced very high levels of B cell proliferation in the absence of detectable phosphatidylinositol 4,5-biphosphate hydrolysis or elevations in [Ca2+]i as detected by flow cytometry. Finally, B cells from X-linked B cell-defective mice, which do not proliferate in response to anti-Ig antibody, show marked and early increases in [Ca2+]i, but do not show persistent calcium elevations. These data suggest that the rapid and large increases of [Ca 2 + ]i seen in lymphocytes within seconds after antigen receptor ligation may be associated with entry in G1, whereas low-level but persistent elevations may be the hallmark of a cell destined to synthesize DNA. kinase (8-10), all of which are intimately involved in cell growth of B cells as well as other cell types. Although it is clear that the summation of these events reflects an early response to sIg-mediated signal transduction in B cells which will lead to cell growth, the specific role of each event in regulating entry of the cell into G1 or S of the cell cycle is not known. Experiments both in human and in murine systems suggest that there is no correlation between the ability of an antigen or of anti-Ig antibody to induce phosphatidylinositol 4,5-biphosphate (PIP2) activation or tyrosine kinase activation and its ability to induce B cell DNA synthesis (11) (12) (13) (14) . Thus, for example, inhibition of sIg-mediated PiP2 hydrolysis does not prevent B cell proliferation (15). Furthermore, stimulation of these early events by anti-Ig antibodies does not necessarily lead to B cell proliferation (13, 16, 17) .
Surface immunoglobulin (slg)-mediated stimulation of B lymphocytes induces a tyrosine kinase-dependent sequence of events leading to rapid and large elevations in intracellular ionized calcium ([Ca2+]i). These early biochemical events do not necessarily lead to proliferation of B cells, however, and conversely, the absence of or inhibition of these events does not necessarily prevent cellular proliferation. We now show by digital image analysis of single B cells that conditions which lead to B cell proliferation are associated with low-level but persistent sustained or cyclic elevations in [Ca 2 + ]i. In marked contrast, early and nonsustained elevations in [Ca 2 § ]i are induced in B cells by stimuli that lead to G1 transition but fail to progress to DNA synthesis. Thus, when B cells were stimulated with mitogenic and nonmitogenic anti-IgD antibodies, both of which induce entry of cells into G1 and early calcium transients of comparable magnitude, persistent low-level calcium elevations were only detected in cells stimulated with the mitogenic antibody. Furthermore, persistent calcium elevations were also seen when B cells were stimulated with a multivalent dextran-anti-Ig conjugate which induced very high levels of B cell proliferation in the absence of detectable phosphatidylinositol 4,5-biphosphate hydrolysis or elevations in [Ca2+] i as detected by flow cytometry. Finally, B cells from X-linked B cell-defective mice, which do not proliferate in response to anti-Ig antibody, show marked and early increases in [Ca2+] i, but do not show persistent calcium elevations. These data suggest that the rapid and large increases of [Ca 2 + ]i seen in lymphocytes within seconds after antigen receptor ligation may be associated with entry in G1, whereas low-level but persistent elevations may be the hallmark of a cell destined to synthesize DNA. 2 C'~rosslinking of surface immunoglobulin (slg) receptors in B cells initiates a cascade of biochemical events that includes mobilization of intracellular ionized calcium [Ca 2 + ]i and activation of protein kinase C (PKC) and tyrosine kinases (1-7). Activation of PKC and tyrosine kinase in turn activates a number of other enzyme systems, including phosphatidylinositol 3 and mitogen-activated protein kinases, guanosine triphosphate-activating protein, and raf-1 protein kinase (8) (9) (10) , all of which are intimately involved in cell growth of B cells as well as other cell types. Although it is clear that the summation of these events reflects an early response to sIg-mediated signal transduction in B cells which will lead to cell growth, the specific role of each event in regulating entry of the cell into G1 or S of the cell cycle is not known. Experiments both in human and in murine systems suggest that there is no correlation between the ability of an antigen or of anti-Ig antibody to induce phosphatidylinositol 4,5-biphosphate (PIP2) activation or tyrosine kinase activation and its ability to induce B cell DNA synthesis (11) (12) (13) (14) . Thus, for example, inhibition of sIg-mediated PiP2 hydrolysis does not prevent B cell proliferation (15) . Furthermore, stimulation of these early events by anti-Ig antibodies does not necessarily lead to B cell proliferation (13, 16, 17 ).
An added level of complexity in understanding the role for these early biochemical events is created when trying to dissect differences between slg-mediated events stimulated by T cell-dependent (i.e., mono or paucivalent) as compared with T cell-independent (multivalent and higher molecular weight) antigens (TI). Although both antigen types are similar in their abilities to induce the early events in B cell activation, T cell-dependent but not -independent, antigens require B cells to interact with T cells or T cell-derived cytokines to stimulate proliferation and Ig secretion.
We have recently described a model system utilizing dextranconjugated anti-Ig antibodies which stimulates polyclonal activation of B cells via slg ligation and crosslinking and mimics, in many respects, activation that is stimulated by TI type 2 antigens (18) . These dextran conjugates stimulate high levels of B cell proliferation at picogram per milliliter concentrations that are not accompanied by detectable PIP2 hydrolysis and tyrosine phosphorylation whereas higher concentrations of this ligand stimulate PIP2 hydrolysis and tyrosine phosphorylation (11, 12, 16) . Digital image analysis has made it possible to examine, at the level of the single B cell, some early activation events that may be masked when they are studied in cell populations (19) . The experiments described in this manuscript demonstrate that slg crosslinking-mediated induction of low-level and temporally persistent cyclic elevations in intracellular free calcium concentration ([Ca 2+ ]i) is a more critical determinant than the early induction of large increases in [Ca2 § for stimulating B cells to synthesize DNA.
Materials and Methods
Mice. DBA/2 mice (the Jackson Laboratory, Bar Harbor, ME)
were used at 8 wk of age. Fluorescence Digital Microscopy. Details of the image analysis system have been described (23, 24) . Briefly, 5 x 106 cells were loaded with 1.5 #M fura-2 for 30 rain at 31~ washed, and suspended in HBSS with 0.1% FCS, 5 x 10 s M 2-ME and 20 mM Hepes, pH 7.4. Cells were allowed to settle onto glass coverslips and equilibrated in a 2-ml microscope chamber at 37~ Agonistic antibodies were gently added as a 10 x solution to the chamber. The fluorescence digital image processing system used is similar to that described previously by Tsien and Harootunian (23) . Hardware consists of an image processor (model FD5000; Gould Inc., Glen Burnie, MD), a microscope (Axiovert; Zeiss, Obercochen, Germany) with a 1.3 numerical aperture x40 objective, and a filter changer (Ludl Electronic Products, Hawthorne, NY) with excitation filters centered at 350 _+ 10 nm and 380 -+ 10 nm. The image processor and filter changer are interfaced to a host computer (Microvax; Digital Equipment Corp., Marlboro, MA). 16 images were acquired at each wavelength at 30A through a camera (CCD; Cohu Inc., San Diego, CA) and image intensifier (Video Scope Intl., Ltd., Wash, DC). The images were averaged, background subtracted, and a shading correction applied. The ratio of the 350-and 380-nm images is displayed according to a code kindly provided by R. Y. Tsien (University of California, San Diego, CA). Images Time (minutes) ng/ml), smaller increases in [Ca2+]i were also consistently observed (Fig. 1 , n'gh 0. In our previous flow cytometric studies, we were unable to detect a response in B cells stimulated with this low dose of anti-~-dex (11) . The response detected by digital microscopy was more apparent when the results were depicted using a smaller scale (Fig. 1, inset) . Whereas, at any given time, <25% of B cells stimulated with low concentrations of anti-~-dex showed increases in [Ca2+]i, >90% of B cells showed significant responses in the five min after stimulation. Although the amplitude of the oscillations under these conditions was small, the frequency was not appreciably different than that stimulated by the higher concentrations of anti-~-dex. This suggested that the persistence of oscillations may be a more critical factor than the magnitude of initial calcium elevation in determining the calcium-dependent events that lead to B cell activation. reports that B cell proliferation stimulated by anti-Ig antibody appears to require prolonged exposure to antigen or anti-Ig antibody suggested that persistent signalling was a critical factor in directing a B cell to DNA synthesis (25) . To study this point directly, we evaluated calcium transients at both early and late time points after B call stimulation by mitogenic amounts of anti-~-dex antibody at high (500 ng/ml) or low (0.2 ng/ml) concentrations. By 90 rain after activation, the mean increase in [Ca2+]i stimulated by the high concentration of anti-#-dex had fallen significantly from 1617 Yamada et al.
its peak level seen seconds after stimulation, whereas that stimulated by the low concentration stayed relatively constant over the 90 rain of observation (Fig. 2) . In six experiments of this design, the mean increase in [Ca2+]i in cells 90 rain after stimulation with 500 ng/ml was either the same as, or only marginally greater than that stimulated by 0.2 ng/ml.
The above results were obtained by observing three microscopic fields for each condition at one time point 90 rain after stimulation. It was necessary to sum the results from several fields of ceils for statistical purposes. However, observation of the same field of ceils as a function of time at 15-s intervals supplies additional information, and reveals that the response pattern of individual cells is dynamic, and consists of cells with both sustained elevations of [Ca2+]i and cells with oscillatory elevations (19) . When the response of a particular field of cells was analyzed as a function of time, observations were necessarily limited to the number of cells contained in one field of cells. Typically, there are 30-50 cells. In one experiment, it was found at the first observation point that there were 23% of cells with increased [Ca2+]i in the group cultured for 90 rain in H~ffl-dex at 0.5 #g/ml, whereas there were no cells with elevated [Ca2+]i in the groups cultured in low-dose H/~ffl-dex 0.2 ng/ml or in medium. However, over the next 5 min, there was a progressive increase in the fraction of cells that had devated [Ca2+] i, reaching 69 and 38% in the high-and low-dose H~5=/1 conditions, whereas only 2 of 35 cells (6%) of cells cultured in medium had elevated [CaZ+]i (Fig. 3) . Histograms ~f these responses showed that the magnitude of peak calcium increases in the time period of 90-95 min after stimulation was similar in the low-and high-dose H~ffl-dex groups (Fig. 4) . Thus, the magnitude of calcium elevations late after stimulation appears to be similar in both the high-and low-dose H/~ffl-dex conditions. We are unable to determine if the frequency of responding cells differs between the two groups. During the 5 min of analysis, the high-dose condition appears to approach a plateau, whereas the plot of low-dose condition suggests that a higher fraction of responding cells might be observed with longer periods of observation (Fig. 3) . Currently, we are unable to distinguish between these possibilities because of leakage of the calcium probe with prolonged cell culture. These results indicate that high-dose H~5'/1 causes large and early transient increases in B cell calcium whereas low-dose H/~/1 results in only minimal early increases in calcium that are detectable by video microscopy ( Fig. 1) and not by flow cytometry (11) . In contrast, when B cells are examined 60-90 rain after stimulation, both doses of H/~ffl result in calcium elevations in a substantial fraction of cells (Fig. 3) , of which the magnitude of the elevations is similar (Figs. 2 and 4) . Together, these results suggested that persistent and prolonged signalling, as reflected by low-level calcium transients, was a critical element in determining whether a cell would proceed to mitogenesis. Alternatively, this form of signal transduction might serve as a marker of cells that are committed to mitogenesis.
To further test this, we compared the ability of a mitogenic (H~ffl) and a nonmitogenic (FF1-4D5) monoclonal anti-~ antibody (26) to stimulate immediate as well as prolonged elevations in [Ca2+]i. Unconjugated H~ffl, in contrast to the dextran conjugate, is mitogenic over a narrower concentration range of 1-100 #g/ml (11, 18) . Both H6=/1 and FF1-4D5 stimulated comparable increases in
[Ca2+]i within seconds after stimulation (Fig. 5) . In marked contrast, by 60 min after stimulation, cells stimulated by the mitogenic, but not the nonmitogenic, antid~ antibody showed small but significant elevations in calcium (Figs. 5-7) . These prolonged cyclic elevations were not seen when nonmitogenic concentrations of H#'/1 (.02/zg/ml) were employed ( We found that low concentrations of H/~a/1-dextran induced [Ca 2+ ]i transients that were asynchronous and often oscillatory in nature (Fig. 1) . After 90 min of stimulation, <5% of cells had elevated [Ca2+]i at any given time. However, during a 5-rain period of observation, about 40% of cells showed a response (Fig. 3 ). This provides a partial explanation as to why we were previously unable to detect this response by flow cytometry (11) . Furthermore, for flow cytometric analysis, B cells were loaded with larger concentrations of indo-1 than the fura-2 concentrations used for our present studies. These larger concentrations may have buffered or dampened the low-level calcium responses.
The ability to stimulate persistent calcium transients is related to the ability of a ligand to bind and crosslink slg over a prolonged period of time. This can be accomplished by high concentrations of bivalent anti-Ig antibody, which can create multiple domains of tightly crosslinked slg even on partially activated B cells which express few membrane Ig receptors. At low ligand concentrations, however, this can only be accomplished by a multivalent ligand (anti-8-dex), which binds with a high avidity to a large number of membrane Ig molecules. The ability of low concentrations of the multivalent ligands to crosslink multiple slg molecules allows for effective signalling without modulating a large percentage of slg molecules. Thus, when B cells are cultured with low concentrations of anti-Ig-dex, the density of slg molecules that can be ligated as cell culture continues is maintained at a much higher level than when B cells are cultured with high concentrations of unconjugated anti-Ig antibody. The importance of maintenance of a high slg density is suggested by: (a) the much greater magnitude of DNA synthesis of B cells cultured with low concentrations of anti-Ig-dex than with high concentrations of unconjugated anti-Ig; (b) the ability of preincubation of B cells with unconjugated anti-Ig to inhibit anti-Ig-dex-induced B cell proliferation; and (c) the reduced ability of high concentrations of anti-Ig-dex, which modulate most slg, to stimulate DNA synthesis. In this regard, it is interesting that unconjugated anti-Ig stimulates comparable increases in [Ca 2+]i at 90 min after stimulation to that stimulated by anti-Ig-dex. This suggests that analysis at time points after 90 rain may reveal additional differences between these two mitogens or that other coassociated molecules may be more strongly stimulated when slg is engaged by a strongly crosslinking molecule.
The finding of agonist-stimulated repetitive and asynchronous calcium oscillations within seconds after slg crosslinking has been previously reported in many cellular systems, including B cells (19) . Although other investigators studying other cellular systems have suggested that the frequency of oscillation may influence cell growth (for a review see reference 33), our studies do not at this point support this notion for B cell activation.
For many different cellular systems, rapid and large increases in [Ca2+]i may be both necessary and sufficient. Thus, for example, the rapid release of histamine from mast cells may require only a rapid but not prolonged increase in [Ca 2+]i. Likewise, rapid and large calcium elevations may be a critical element for B cells for the induction of events that may occur shortly after slg crosslinking as, for example, enhanced antigen presentation or possibly lymphokine secretion. Our data indicate that persistent calcium elevations may be indispensable for cellular events that require prolonged signalling as, for example, induction of cellular mitogenesis. Alternatively, the present results are compatible with the notion that persistent calcium signal transduction is a marker of a cell committed to mitogenesis, and further studies will be required to distinguish between these possibilities.
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